I . Introduction. -The theory of the thermal contact resistance between perfect insulators was developed by Little [l] . Little extended the theory which had been developed by Khalatnikov [Z] for the insulator-superfluid helium interface, in which the heat flow is limited by a finite transmission coefficient which was assumed to be that determined from standard acoustical theory. The theory does not in fact work at all well for the solid-liquid helium interface, but has been shown to be qualitatively correct for DC measurements of the thermal resistance between solids at low temperatures [3] with the obvious exception of metalmetal contacts. However the accuracy of these measurements was generally not sufficient to distinguish between this acoustic mismatch model and the socllled phonon radiation model, where the transmission coefficient is artificially replaced by its upper limit, and where in any case the assurance of quantitatively accurate results is hampered by the lack of knowledge of the physical and chemical state of thc contact between the two bulk solids. This question was first definitively resolved by the work of Herth and Weis [4] by pulsed heating experiments on various metal films deposited on a sapphire substrate. We have adopted their technique, also described briefly [5] at this colloquim, for the experiments described in the present work.
We have begun a programme to investigate the validity of the theory for a wide range of substrate Debye temperatures 8, and for different physical states of the substrate surface. We are also interested in the effects of anisotropy of the substrate and in making lneasurements on a substrate which has some practical interests for heat pulse experiments. In this spirit, the present communication deals with results for metal films vacuum deposited on quartz.
2. Experimental techniques. - The method has been described in detail by Herth and Weis [4] . Basically it consists of using the evaporated metal film on the chosen substrate as its own thermometer, the resistance during the pulse duration being determined by measuring the reflection coefficient of a 50 ohm coaxial line terminated by the film. For reasons of experimental simplicity the sample was simply plunged in the helium bath at 4 K. We did not observe any evidence of the liquid effects mentionned by Weis [5] , probably because of the much smaller acoustic mismatch between the metal films and the quartz substrate than for this case. An essential feature of the technique is that the thermal relaxation time of the film should be much less than the pulse length, so that steady state conditions can develop in the film during this time, as we observe experimentally.
An unfortunate aspect of the technique is that the measuring sensitivity markedly decreases as the temperature is lowered, due mainly to the films becoming electrically residual at rather high temperatures ( Fig. I ), which suggests a not unexpected high concentration of defects in these films. We have attempted to increase the sensitivity by making very careful calibrations of the reflection coefficient and using an automatic sweep gated box car integrator to determine the pulse height. We use typically a 2 second integration time, and taking into account the effect of errors in pulse amplitude determination due to uncertainty in the zero level and the pulse shape, we obtain typical error bars in low temperature region as indicated in figure 2 . This accuracy is in fact quite sufficient for us to determine which of the two available models is applicable to the results. Other precautions included verifying that the calibration of reflection coefficient (done by replacing the film by a standard resistor) was temperature independent and that the effect of multiple electrical reflections in the co-axial line was negligeable. Further details are given in 161. first measured gold and Pb films on a sapphire substrate, obtaining results which agreed very well with Herth and Wcis' results 141. For reasons which are not directly clear the resistivity ratio for the films deposited on the quartz seemed to be rather higher than for sapphire, thus giving a quite improved sensitivity. The theoretical curves shown in the figures correspond to those calculated on the basis of Little's acoustic mismatch model [l] and the so called phonon radiation model [7] where the integrated transmission parameter r is put equal to 4 to give an upper limit to the heat flow. Thus within the approximation with which the film can be described by a Bose-Einstein distribution and a Debye model for the low temperature limiting data, the results then represent a test of the two models. The surface wave contribution has been omitted in both cases.
The physical constants used to calculate the theoretical curves are given in table 1. In order to obtain
The acousticproperties of the samples and the corresponding calculated r values based on Little's model. suitably averaged sound velocities we generally use measured values of Poisson's ratio and the polycristalline elastic moduli. The values obtained agree to within about 2 % with those determined from the 0 K Debye temperature. For SiO,, in view of the problem at hand, the velocities used were average phase velocities calculated over a 600 cone [8] .
Tn fact the quartz substrate is quite anisotropic, and it is difficult to assess the error which this could introduce in the calculated curves. The fact that good agreement is obtained with the Little model in all three cases in the low temperature limit suggests that this error is in fact small.
The temperature variation of 8, of the films has been used where possible to correct the theoretical curves. As Weis has remarked, at higher film temperatures there is a systematic upward trend of the results, which is probably due to dispersion. As a Dcbye model is also quite invalid here, changes in the spectral function f (o) should also be taken into account. We shall not consider this temperature region further here.
4.
Discussion. -Perhaps a surprising aspect of these results and those of Weis is that the acoustic mismatch model seems to agree with experiment in conditions where one might expect it to work less well than otherwise. In this high temperature region the short wavelength phonons should be scattered by impurities, surface dirt, roughness, etc. Such effects should either increase the apparent contact resistance or lower it [9] -[l l] depending upon their concentration, so that the systematic agreement obtained with theory must be considered as something other than coincidence.
As has been understood for some time, there are a number of detailed aspects of the theory which we cannot test directly in such experiments. These include the individual r values, although these transmission coefficients are known to work quite well for coherenl phonons. An equally fundamental point is our use of a Bose-Einstein distribution function for the phonons in the metal film, within the context of a modified Debye model, Excluding the high temperature end, agreement between theory and experiment suggests that no radical departures from the Bose-Einstein distribution have occurred. We tentatively suggest that the phonons in the film are quickly brought into equilibrium by the very high concentration of defects which seem to be present.
A final point concerns the effect of a finite dislocation density on the quartz surface due to the polishing techniques applied. It is known that dislocations have an effect on the Kapitza resistance between solids and liquid helium [lo] , [I 11 , in some cases increasing the heat flow above that expected from an acoustic mismatch type model. That such an effect is not seen here may be due to either an insufficient density of dislocations in the surface region of the quartz, or to the fact that the solids considered here are reasonably well matched, so that the dislocation contribution is now relatively small compared to that corresponding to direct phonon transmission. Further experiments on this point are in progress.
In summary we find good agreement with the acoustic mismatch model for a relatively low 8, substrate which is quite anisotropic. The ensemble of our results and those of Weis seems to suggest that Little's model works extremely well for intimate contacts between ordinary solids. At present we do not feel that it is realistic to attempt to fit our data to more sophisticated models [ S ] .
Note added in proof. - We have recently obtained preliminary results on a gold film deposited on an amorphous selenium substrate and on an indium film on a sandblasted sapphire substrate. Both of these experiments indicated, as expected, that when the phonon mean free path in the surface layer is reduced, the film heats immediately to about 100 K at the lowest input powers (about 10 W/mm-2). This effect indicates the extreme importance of surface condition in this type of experiment, as well as giving one possible explanation for the upward deviation of the experimental points from the theory. With varying mean free path one should pass from the radiation to the diffusion regime. The recent results of Perin and Budd (this conference) indicate that the calculated resistivity of such metal films is rather insensitive to the phonon distribution function used, so that we are not forced to invoke the presence of defects to explain our results.
